Angiosarcoma is a deadly neoplasm of the vascular endothelium. Metastatic disease is often present at diagnosis, and 5-year survival is only 10-35%. Although there exist no immunocompetent mouse models of angiosarcoma with which to study immune-based approaches to therapy, angiosarcoma is a major killer of companion dogs, responsible for up to 2% of all canine deaths in some susceptible breeds or an estimated 120,000 per year in the US. The canine disease (HSA) often presents in the spleen as acute hemoabdomen secondary to splenic rupture. Even if life-saving splenectomy is performed, median overall survival (OS) is only 48 days, and 1-year survival is negligible. Here we report the analysis of a pilot phase I open-label trial of chemo-immunotherapy performed on consecutively presenting splenectomized canines with histologically verified HSA. Subjects received an abbreviated course of low-dose doxorubicin plus alpha interferon and an autologous dendritic cell-therapy reported to enhance durable CD8 + memory. Disease was monitored monthly by abdominal ultrasound, chest X-ray, and echocardiogram. Median OS in the per protocol population was 109 days including one of five animals that died cancer-free at 16 months after documented resolution of relapsed disease. These results indicate that therapeutic administration of chemo-immunotherapy is both feasible and safe, substantiating the rationale for additional veterinary and human clinical studies.
Introduction
Angiosarcoma is a deadly malignant neoplasm of the vascular endothelium that comprises~2% of all soft tissue sarcomas. About half of angiosarcomas arise cutaneously in the dermal epithelium, with half of those located on the head and neck. Angiosarcoma has been poorly studied and little is known about the underlying molecular etiology of the disease. Prior radiotherapy is known to be an independent risk factor for the development of angiosarcoma, particularly in patients receiving prior radiotherapy for the treatment of breast cancer [1] [2] [3] . In the absence of prior radiotherapy, most cutaneous angiosarcomas are thought to arise spontaneously and are most commonly observed on the head and neck of elderly Caucasian men. Angiosarcoma is often multi-focal and/or locally advanced at presentation, rendering complete resection difficult. Despite the use of high-dose wide-field radiation and a variety of different chemotherapeutic regimens, relapse and metastatic spread are common. Five-year overall survival ranges from 10 to 35%, with median survival reported as 7 months to 2.6 years. Outcomes for patients with metastatic disease are significantly worse with virtually no long-term survivors [1] [2] [3] [4] [5] . Given the poor response of cutaneous angiosarcoma to standard of care therapies, there exists a compelling medical need to develop novel treatment regimens that can improve survival outcomes.
Immunotherapy of angiosarcoma is difficult to model in mice given that existing murine sarcoma models involve xenotransplantation of primary human tumors into immunocompromised animals. Modern genome-editing techniques have allowed generation of certain sarcomas with wellcharacterized molecular aberrations such as the Ews-Fli1 translocation associated with Ewing's sarcoma or the Pax3-Fkhr translocation associated with alveolar rhabdomyosarcoma. Osteosarcoma models can also be reliably generated; however, the modeling of sarcomas with complex karyotypes and variable, low-penetrance genetics remains a significant challenge [6] . A recent report of a mouse angiosarcoma cell line derived from a spontaneous tumor in a Notch1
−/− background still requires re-implantation in a NOD/scid immunosuppressed host to exhibit tumorigenicity [7] . In contrast, hemangiosarcoma (the terminology used in veterinary medicine-canine hemangiosarcoma (HSA)) spontaneously arises in domestic canines at a greater frequency than any other known species with marked overrepresentation in German Shepherd, Golden Retriever, and Labrador breeds. HSA accounts for up to 2% of all canine tumors and 1% of all deaths among canines over the age of 10. Splenic hemangiosarcoma comprises up to half of all canine HSA and exhibits a median overall survival (OS) as low as only 48 days if treated solely by splenectomy. Adjuvant doxorubicin may increase median OS to 150 days; however, even with adjuvant chemotherapy, 1-year OS remains exceedingly poor [8] [9] [10] [11] [12] . A variety of clinical investigations have suggested that certain sarcomas may be amenable to treatment by active, specific immunotherapy. Dillman et al. [13] reported that sarcoma patients who became DTH positive (n = 8) following administration of irradiated, autologous tumor cells exhibited an OS of 16.6 months, whereas patients who remained DTH negative (n = 8) exhibited an OS of only 8.2 months. Sarcomas have also been treated by means of experimental dendritic cell vaccination. Dendritic cells (DC) are the master regulators of the adaptive immune response, and much effort has been focused upon the development of these specialized cells for use in therapeutic vaccination protocols [14] . In the largest sarcoma DC vaccine trial reported to date, 52 patients with recurrent or metastatic Ewing's or alveolar rhabdomyosarcoma underwent apheresis after which 30 received DC pulsed with peptides corresponding to tumor-specific translocation breakpoints. At mean follow-up of 7.8 years, 40% of vaccinated patients (12/30) remained alive and disease-free. Five-year OS was 43% among vaccinated patients versus 31% among all patients enrolled [15] . In canines, there exists only a single report in which vaccine immunotherapy was used as an adjuvant treatment for splenic hemangiosarcoma. Among 13 dogs that received the full vaccination course of adjuvanted allogeneic HSA lysate, mean OS was 182 days; however, inclusion in the per protocol analysis required that enrolled animals survive long enough to receive all eight vaccinations, a period of 154 days [16] . Therefore interpretation of this impressive increase in survival is problematic.
Recent interrogation of a novel basic regulatory mechanism has expanded the paradigm by which regulation of cellular immunity is understood. This work has demonstrated that the loading of DC with antigenically similar (homologous) MHC class I and II antigens mediates a cellintrinsic upregulation of T H 1 polarization. This polarization consists of differential cytokine secretion, upregulation of surface costimulatory molecules, and preferential induction of IFN-γ-secreting CD8
+ cytolytic T cells with enhanced memory capacity. DC loaded in this manner also demonstrate a substantial reorganization of the transcriptome, exhibiting a transcriptional profile significantly different from alternatively loaded DC in areas such as interferon signaling, antigen-presentation, innate antiviral response, protein ubiquitination, and DC licensing [17] [18] [19] [20] [21] [22] [23] [24] . This concept has subsequently been utilized for the generation of cell-based vaccine platforms that specifically target cancer with highly cytotoxic T-cell responses of durable memory potential [22, 24] . Building upon previous work in which murine pancreatic ductal adenocarcinoma was treated by means of a similar approach [22] , we adapted this dendritic cell platform for the treatment of canine splenic hemangiosarcoma. The aim of the study was to evaluate the feasibility and safety of chemo-immunotherapy while simultaneously validating the feasibility of spontaneous veterinary cancers in the dog for use as a model therapeutic system [25] .
Materials and methods

Study animals and ethics statement
All companion canines enrolled in the study were bona fide clinical subjects that presented in study-affiliated veterinary clinics with histopathologically verifiable hemangiosarcoma. Study protocol AN-7705 was approved by and carried out in accordance with the recommendations of the Baylor College of Medicine Investigational Animal Care and Use Committee (IACUC). All owners of enrolled study animals were required to provide written informed consent and participate in a formal informed consent process during which all risks and benefits of study participation were explained in person. All study-related procedures were provided free of charge.
Clinical protocol
Splenectomy
Spleen with associated tumor tissue was resected, and a section sufficient for definitive diagnosis was sent for histopathological confirmation of hemangiosarcoma. The remaining tissue was placed in a 50 ml conical tube with no additional liquid, flash frozen in liquid nitrogen, and stored at −80°C until histopathology results could be confirmed.
Mobilization and blood collection
Upon determination of positive HSA histopathology, study animals were mobilized with rhG-CSF (Neupogen, Amgen, Thousand Oaks, CA). Five μg/kg Neupogen was administered subcutaneously every 12 h for 4 days (eight doses total) with a ninth dose of 10 μg/kg administered 12 h before collection. In total, 200 ml whole blood was drawn in a 250 ml heparinized collection bag (Terumo Medical Corporation, Somerset, NJ). Mobilized blood products were transported from the clinical site to the manufacturing site at ambient temperature in a temperature-controlled container. Administration of the vaccine was performed 7 days after collection.
Study day 0
Upon arrival at the veterinary clinic, DC vaccine aliquot one of four, suspended in 2 ml normal saline, was injected intraperitoneally under ultrasound guidance into the abdominal cavity in the vicinity of the original tumor. Concurrent with vaccine administration, five million units human interferon alpha (Intron A, Merck & Company, Inc, Kenilworth, NJ) was administered subcutaneously. Subsequently, five million units of veterinary type I interferon omega (Vibragen Omega, VioVet, Ltd, Bedfordshire, United Kingdom) was administered every other day for a total of 19 additional administrations. Echo/ultrasound of the heart was performed as were chest radiographs, complete blood count (CBC), and clinical chemistry.
Study day 3
A 2/3 standard of care dose of doxorubicin (20 mg/m 2 ) was administered by slow i.v. infusion over the course of 2 hours.
Study day 10
DC vaccine aliquot two of four was thawed, washed, resuspended in two ml normal saline, and injected intraperitoneally into the abdominal cavity in the vicinity of the original tumor. Animals were observed for 2 hours following vaccine administration for signs of immune shock and/or cytokine storm.
Study day 17
A second 2/3 standard of care dose of doxorubicin (20 mg/m 2 ) was administered by slow i.v. infusion over the course of 2 hours.
Study day 20
DC vaccine aliquot three of four was thawed, washed, resuspended in two ml normal saline, and injected intraperitoneally into the abdominal cavity in the vicinity of the original tumor. Animals were observed for 2 hours following vaccine administration for signs of immune shock and/or cytokine storm.
Study day 30
DC vaccine aliquot four of four was thawed, washed, resuspended in 2 ml normal saline and injected intraperitoneally into the abdominal cavity in the vicinity of the original tumor. Animals were observed for 2 hours following vaccine administration for signs of immune shock and/or cytokine storm. One animal with aggressive disease and an extra vaccine aliquot was administered a fifth vaccine dose on study day 40.
Additional analyses
CBC and abdominal ultrasound analysis were performed monthly between months 2 and 6 as well as on months 9 and 12 provided that the animals were still alive.
Post-mortem
Partial (i.e., lung and liver) or complete necropsy was performed if non-neoplastic death was suspected to validate the absence of malignancy.
Canine DC vaccine generation
Mobilized peripheral blood was diluted with an equal volume of phosphate-buffered saline (PBS), and white cells were isolated by Ficoll (Lympholyte, Cedarlane Labs, Burlington, NC) density gradient centrifugation for 25 min at 450 × g. Following centrifugation, the upper layers of 50% autologous serum were collected and heat inactivated at 55°C for 30 min. The middle layers comprising the white cell product were pooled, washed with PBS, and centrifuged at 600 × g for 10 min. Monocytes were collected by plastic adherence and cultured in AIM-V medium (ThermoFisher Scientific, Waltham, MA) supplemented with 10% autologous serum, 25 ng/ml rcGM-CSF (R&D Systems, Minneapolis, MN), 10 ng/ml canine rcIL-4 (R&D Systems), and 1% anti-anti (ThermoFisher) and incubated at 37°C in a humidified chamber at 5% atmospheric CO 2 . Differentiating cells were supplemented with fresh media and cytokines on days 3 and 5. On day 6, immature DC were harvested as described previously [19] and loaded with tumor mRNA and lysate derived from the primary cryopreserved tumor tissue, also as described previously [19] . In brief, immature DC were resuspended at a concentration of 2 × 10 7 cells/ml in Viaspan (Barr Laboratories, Pomona, NY) and incubated with tumor derived mRNA at a concentration of 1 μg mRNA/million DC for 10 min on ice in an electroporation cuvette with a 0.4 cm gap (Biorad, Hercules, CA). Cells were then electroporated at 250 V, 125 μF, and Ω = ∞ using a GenePulser Xcell (Biorad). Electroporated cells were then replated and incubated for 3 hours in the absence of cytokines in 2 mg/ml freezethawed tumor lysate. After incubation, cells were thoroughly washed with PBS and resuspended in AIM-V medium supplemented with 10% autologous serum, 25 ng/ ml rcGM-CSF (R&D Systems), 10 ng/ml rcIL-4 (R&D Systems), 1% antibiotic-antimycotic (ThermoFisher), and a maturation cocktail consisting of 15 ng/ml rcIL-6 (R&D Systems), 10 ng/ml rcTNF-α (R&D Systems), 10 ng/ml rcIL-1β (R&D Systems), and 1 μg/ml PGE 2 (SigmaAldrich, St. Louis, MO). After 24 h of maturation, cells were harvested, counted, and separated into four individual fractions. One fraction was resuspended in sterile PBS plus 10% autologous serum for injection, and the other three were cryopreserved. Approximately 40 million total vaccine cells per animal were administered in four separate vaccinations of approximately 10 million cells each, though numbers varied somewhat between animals.
In vitro dendritic cell characterization
Canine DC were loaded with mRNA derived from an autologous HSA tumor in combination with either homologous tumor lysate or heterologous lysate derived from the murine RAW 264.7 myeloid cell line. DC were characterized by staining with anti-CD11c (eBioscience subsidiary of ThermoFisher), anti-CD40 (AbD Serotec subsidiary of BioRad Laboratories, Hercules, CA) and anti-CD80 (BioLegend, San Diego, CA) in conjunction with analysis by flow cytometry.
Statistical analysis
Differences in survival between animals treated with surgery alone (historical control) and surgery plus chemoimmunotherapy were determined by Kaplan-Meier survival analysis using a large historical data set [11] as a control. To determine any degree of statistical significance, two sets of historical controls were used: surgery alone of animals with stage II and III HSA (two studies) [11, 12] ; and surgery plus chemotherapy (three studies) [11, 16, 26] . By this methodology, the hazard rate from each controlled experiment was treated as a fixed value, but the observed hazard rate in any one simulation varied because the survival curve followed a random Poisson process. Each historical control was analyzed separately however, because comparisons all used the same experimental data and therefore were not considered to be independent. We first obtained a best estimate of the half-time of each study and treated this as coming from a single exponential decay such that lambda = ln0.5/halftime. In the case of the Wendelberg study [11] the weighted harmonic mean of the half-times of the stage II and III surgery-only animals was used to estimate the halftime of the combined group. We next used Monte-Carlo methods to generate a family of survival curves and count the number of curves from this family with half-times less than the experimental value of 109 days. We divided this value by the number of simulations to estimate the (onesided) p value. Likewise, an empirical count of the 95% confidence range of the improvement was obtained from the family of survival curves.
Results
DC characterization in vitro
Canine DC were generated from G-CSF-mobilized peripheral blood by plastic adherence of monocytic precursors and 6 days of incubation in GM-CSF and IL-4 as described. Following maturation with canine IL-1β, TNF-α, IL-6, and PGE 2 [27, 28] , the adherent cell population adopted a characteristic dendritic cell morphology (Fig. 1a) . Subsequent analysis by flow cytometry indicated that > 90% of the cells in the monocyte gate were CD11c + , CD40 + , and CD80 + (Fig. 1b, c) , suggestive of a genuine dendritic cell phenotype. Additional flow characterization was not possible at the time due to a lack of commercially-available, canine-reactive antibody reagents.
Clinical results
Between February 2016 and April 2017, consecutively presenting domestic canines with a histopathologically confirmed diagnosis of hemangiosarcoma and the owners of which could provide written, informed consent were recruited for a phase I open-label pilot study to determine feasibility, safety, and efficacy of a chemo-immunotherapeutic treatment regimen. Eight animals were ultimately enrolled, and five completed the full treatment regimen. Two animals died before treatment could be administered, and one animal was withdrawn from the study by its owners after administration of a single vaccination and without receiving any chemotherapy. The clinical characteristics of each animal are provided in Table 1 . Animals are listed in the chronologic order in which they were consented to the study.
Disease burden was evaluated at baseline by ultrasound imaging, echocardiography, and chest X-ray. No animals at baseline exhibited cardiac or lung metastases though one of six animals exhibited local recurrence distal to the site of splenectomy, and three of six exhibited liver metastases at the time of treatment. The other two animals were determined to have no evidence of disease (NED). Of the six animals who began treatment, five received the full treatment regimen of four vaccinations and two cycles of reduced-intensity chemotherapy. One animal was withdrawn from the study by its owners after a single vaccination without undergoing any chemotherapy and was excluded from the per protocol survival analysis. In this analysis (Fig. 2) , median survival among the five animals that received the full treatment regimen was 109 days in comparison to a splenectomy-only historical survival of 48 days [11] . Median survival among all eight animals enrolled (intent to treat) was 96 days (not shown). The two animals that were NED at the time treatment was initiated exhibited a mean OS of 107 days (range 105-109 days), whereas the three animals with metastatic or recurrent disease exhibited a mean survival of 270 days (range 96-480 days). Although the study was not statistically powered to determine the significance of these differences, they nonetheless indicate that mean survival was unlikely to be dependent upon disease status at the time of treatment. The lack of a concurrent control arm as well as the significant differences between this study and five comparable studies in the literature prevented determination of reliable conclusions regarding efficacy; however, a statistical comparison of survival in this study to each of five other studies in the literature is provided in Table 2. A single animal was cured of its disease and died tumorfree at 16 months after initiation of treatment. At the time treatment was initiated, this animal exhibited local recurrence near the site of splenectomy. The 6.8 cm recurrent mass was monitored by ultrasound sonography and was observed to resolve radiographically during the first two months of treatment ( Fig. 3a-d) . By 12 months post treatment, no radiographic evidence of the original mass remained. At 16 months post treatment, the animal was admitted with sudden symptoms of acute respiratory distress and was subsequently euthanized. A full histopathological necropsy was performed to determine cause of death and to rule out recurrent hemangiosarcoma. Examination of the lungs indicated acute, focally extensive pneumonia with pleuritis and numerous cocci and bacilli present. Pneumonia was complicated by moderate to extensive vascular and interstitial amyloidosis [29] , which was also present systemically to varying degree in the kidneys, heart, urinary bladder, intestine, and stomach. The animal was also neutropenic and leukopenic. No evidence of recurrent hemangiosarcoma was observed in any organ system (Fig. 4a-c) .
Safety
The animal cured of its disease experienced a single occurrence of grade 1 uveitis~3 months after treatment was initiated. Uveitis was treated with a 3-week course of ophthalmic corticosteroids and did not recur. This animal was also determined to be suffering from vascular amyloidosis at the time of death from acute respiratory distress and bacterial pneumonia; however, incidence of amyloidosis in the elderly is relatively high and not perfunctorily attributable to other cause [29] . Similarly, neither neutropenia nor leukopenia noted at the time of death were observed by CBC performed during routine follow-up examinations up to 12 months post vaccination. No other adverse events (AE) potentially related to vaccine administration were documented in any of the other enrolled study animals. The precipitating cause of euthanasia in all other study animals was hypovolemic shock and anemia secondary to the presence of actively exsanguinating tumor masses.
Discussion
HSA is an aggressive, malignant neoplasia with a poor prognosis. Surgery and chemotherapy have exhibited only limited success in prolonging survival times and increasing quality of life in dogs with HSA [30] . Historically, surgery has been the treatment of choice but prolongs survival by a few months at most [31] . As metastasis occurs early in the disease, new treatment modalities that can delay the spread of tumor are indicated. Doxorubicin-based chemotherapy protocols have emerged as the treatment of choice to prevent or contain the metastasis after surgery and to improve the overall survival post splenectomy [32] . Experimental in vitro cell culture [33] and in vivo mouse xenograft [34] evidence also suggest that effects of doxorubicin may be further potentiated by co-administration of reservatrol [35] . Although animals that complete a full course of doxorubicin chemotherapy exhibit a mean OS of 150 days, it has also been proposed that animals surviving long enough to complete the 8-week course of therapy were simply those with slower-progressing tumors as animals that die prior to administration of all five doxorubicin cycles are typically excluded from analysis [11] . In general, the clinical experience with HSA remains highly unsatisfactory, necessitating the need for more efficacious therapeutic approaches. In recent years, immunotherapy has become entrenched as a potent mainstay in the fight against human cancers [25] and is also recognized as a potential treatment option against the canine disease. Vail et al reported the experimental use of liposome-encapsulated immune modulatory agents against canine HSA [36] . De Silva et al. [37] demonstrated that administration of dendritic cell-based immunotherapy in combination with toll-like receptor ligands can resolve systemic and metastatic tumors in dogs. Mito et al. [38] reported efficacy of intra-tumoral dendritic cell-based vaccines in dog tumors when administered in combination with IFN-γ. Gyorffy et al. [39] further demonstrated feasibility and efficacy of an antigen-pulsed dendritic cell-based vaccine against melanoma in dogs.
In this open-label, non-randomized clinical study, we attempted to determine the feasibility of low-dose chemotherapy plus autologous dendritic cell vaccination [22] as a potential therapeutic option for angiosarcoma using canine HSA as a model system. Out of the eight enrolled subjects, five received the complete treatment regimen. Two subjects died before treatment could be administered and one was withdrawn by its owners following the initial vaccination. Among the enrolled subjects that completed the full course of treatment, no serious AE were reported, and median OS was 109 days. This included two long-term survivors demonstrating radiographic evidence of tumor control and/ or regression. One of these animals died cancer-free at 16 months subsequent to its initial presentation with HSA. The cause of death in this elderly animal was acute respiratory distress complicated by local and systemic amyloidosis. Pathological amyloidosis is a disease of aging in the developed world, with~3000 deaths per year attributable to the condition in the United States [29] . Although relatively uncommon among the general population, amyloidosis is estimated to be present in up to 37% of individuals over the age of 80 [40] and has been cited as the cause of death in 70% of the individuals aged 110 or older whom have been autopsied [41] . The 60-pound canine subject in this study was~14 years old at the time of death, an age physiologically analogous to that of a human between the ages of 70 and 80 [42] . Although we cannot rule out the potential impact of vaccination on the development of amyloidosis, the most likely hypothesis would attribute its manifestation to the natural physiologic consequences of aging.
Our ability to conclude an immunologic hypothesis for the observed clinical results or a survival advantage over current standard of care chemotherapy is very limited. We have previously reported that standard of care chemotherapy, cell-based vaccine immunotherapy, and innate signaling can synergize to elicit enhanced T H 1 adaptive responses in a mouse model of orthotopic pancreatic ductal adenocarcinoma [22] . Ideally, we would have been able to perform immunomonitoring experiments to validate similar conclusions here; however, the nature of the present study precluded direct immunomonitoring, rendering an immunologic hypothesis speculative. Domestic canines treated in a clinical veterinary setting are not experimental research animals, and we did not treat them as such. Therefore, it is difficult to draw any concrete conclusion beyond affirming feasibility and safety of autologous cell-based immunotherapy in a clinical veterinary setting. Any efficacy comparisons to historical data are speculative given that the abbreviated, low-dose regimen of doxorubicin used here (two cycles of 20 mg/m 2 here vs. five cycles of 30 mg/m 2 as standard of care) is not replicated in the historical literature. Further complicating determination of efficacy is that subjects that fail to survive long enough to receive a complete treatment regimen (in one study, the regimen was as long as 150 days) [26] are typically excluded from the analysis, biasing such studies toward inclusion of only long-term survivors. Moreover, although many studies enrolled animals with stage I disease (and its associated advantageous mean OS of 180 days), ours enrolled animals with primarily stage IV disease. Nonetheless, a statistical comparison with each of five appropriate historical studies was provided so that independent determination of efficacy might be gauged in an unbiased manner by the reader.
Despite the obvious shortcomings associated with this small pilot study, anecdotal evidence hinted at potential efficacy and provides a compelling rationale for additional study. Future studies in this area should focus upon enrolling larger numbers of animal subjects as well as performing routine immunomonitoring so as to validate suspected immune-based mechanisms of action. Moreover, the conclusions derived from this investigational new drug (IND)-enabling work imply that human clinical studies may be warranted. Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
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